Abstract The nuclear magnetic resonance (NMR) technique has become popular in groundwater studies because it responds directly to the presence and mobility of water in a porous medium. There is a need to conduct laboratory experiments to aid in the development of NMR hydraulic conductivity models, as is typically done in the petroleum industry. However, the challenge has been obtaining high-quality laboratory samples from unconsolidated aquifers. At a study site in Denmark, we employed sonic drilling, which minimizes the disturbance of the surrounding material, and extracted twelve 7.6 cm diameter samples for laboratory measurements. We present a detailed comparison of the acquired laboratory and logging NMR data. The agreement observed between the laboratory and logging data suggests that the methodologies proposed in this study provide good conditions for studying NMR measurements of unconsolidated near-surface aquifers. Finally, we show how laboratory sample size and condition impact the NMR measurements.
Introduction
Geophysical methods have been used widely for groundwater investigations (Butler, 2005; Schubert, 2015) . But the physical parameters obtained from geophysics must be linked to the aquifer properties of interest. Recently, there has been significant interest in using the nuclear magnetic resonance (NMR) method for groundwater characterization because it responds directly to the amount and mobility of water in porous media (Behroozmand et al., 2015; Dlubac et al., 2013; Dlugosch et al., 2013; Falzone & Keating, 2016; Müller-Petke et al., 2015) . In a fully saturated medium, the NMR-inferred water content is a good proxy for the total porosity (Coates et al., 1999; Dunn et al., 2002) . The relaxation time constant of the NMR signal, that is, the time it takes for the nuclear spins to reequilibrate to their initial state after being perturbed by an energizing pulse, contains information about the pore size distribution (Bird et al., 2005; Brownstein & Tarr, 1979; Hinedi et al., 1997; Müller-Petke et al., 2015) . Taken together, the NMR parameters have been linked to hydraulic conductivity (K) through the use of various empirical relationships (Daigle & Dugan, 2009; Daigle et al., 2014; Dlubac et al., 2014 Dlubac et al., , 2013 Dlugosch et al., 2013; Knight et al., 2016; Legchenko et al., 2004; Vilhelmsen et al., 2014) . NMR logging has been used for decades in the petroleum industry to estimate the hydraulic properties of reservoirs (Coates et al., 1999; Daigle & Dugan, 2009 , 2011 Dunn et al., 2002; Kleinberg & Jackson, 2001 ). To support this work, extensive laboratory research has been conducted on core samples to develop an understanding of the NMR response of reservoir rocks and to establish the relationships that can be used to estimate permeability from the NMR parameters (Daigle & Dugan, 2009 , 2011 Daigle et al., 2014; Kenyon et al., 1988; Seevers, 1966; Timur, 1969) . Demonstrated success in the petroleum industry and increased interest in the use of NMR in the top few hundred meters of the subsurface (referred to here as the near surface) have led to the development of instruments that are suitable for groundwater studies (Walsh et al., 2013) . While we have decades of publications describing the NMR response of sandstones and carbonates for petroleum applications, what we now need are studies combining logging and laboratory NMR of near-surface materials for groundwater applications.
Of specific interest in this study are unconsolidated near-surface aquifer materials. Working with these materials offers unique challenges. Here we enumerate three of the main challenges both for the actual NMR logging and for the sampling of materials needed for laboratory experiments. 1. Borehole conditions. The recent development of an NMR tool designed specifically for use in smalldiameter water boreholes (Walsh et al., 2013) has motivated considerable interest in high-resolution NMR logging of shallow aquifers. The NMR logging instrument used in this study senses a thin cylindrical shell located~10-20 cm radially from the tool's centerline. For this reason, boreholes that have a drilled diameter much larger than the casing diameter may not be appropriate for NMR logging. In addition, standard drilling in unconsolidated aquifers can lead to mud invasion and severe washout of formation materials during drilling (Kobr et al., 2005) and thus further disturbance beyond the borehole wall (Dlubac et al., 2013) . This can raise questions about whether the NMR logging measurements are representative of the undisturbed formation materials. 2. Laboratory sample conditions. Laboratory NMR studies can provide high-quality data from well-controlled experiments that can be used to better understand the physics governing the logging measurements and the relationship between the NMR parameters and other material properties. Unlike the petroleum samples that are provided for laboratory experiments as undisturbed rock cores, unconsolidated samples, under near-surface pressure conditions, are often provided in a highly disturbed manner or even as repacked drill cuttings. As a consequence, it is difficult to know whether the samples used for laboratory measurements represent the materials sampled by the logging measurements. 3. Laboratory sample size. A related issue (of importance in studies of both consolidated and unconsolidated materials) is the size of the standard laboratory samples which typically have a volume of~40 cm 3 or
smaller. The question arises as to whether these standard samples are representative of logging NMR measurements, which have a sensitive volume of about 1,000-2,000 cm 3 .
We note here that there have been studies conducted in the marine environment that successfully compare logging NMR measurements with measurements on the core samples obtained in unconsolidated sediments (Daigle & Dugan, 2009 , 2011 Daigle et al., 2014) . However, marine sediments are found under conditions of much higher confining pressure and coring was successfully conducted using, for example, a hydraulic piston corer. When a similar coring tool was tested in the study by Dlubac et al. (2013) , it was found to be incapable of providing high-quality samples of shallow unconsolidated and semiconsolidated aquifer materials; most of the core samples fell apart on removal.
Given the challenge of obtaining high-quality samples in unconsolidated near-surface aquifer materials, there have been no studies to date that have used laboratory samples to support the assessment or interpretation of NMR logging data in these materials. Yet such studies are needed to determine a robust relationship between the measured NMR parameters and K. In this study, we propose methodologies for obtaining reliable NMR logging and laboratory measurements in unconsolidated aquifers. We present a comparison of laboratory and logging NMR data under the best possible conditions from a study site in Denmark and show how a careful selection of drilling method, sample cutting, sample size, and preparation results in high-quality logging and laboratory NMR data.
Background
The fundamental concepts of NMR are similar when measured in consolidated or unconsolidated porous media (Dunn et al., 2002) . At a thermal equilibrium state in a background static magnetic field, the alignment of the spin magnetic moments (spins) associated with the hydrogen protons of water molecules results in a small net nuclear magnetization. The magnetization precesses about the background magnetic field (B 0 ) at the resonance frequency. The system is first perturbed from equilibrium using an energizing radio frequency (RF) pulse. After the pulse is shut down, the spins relax back to thermal equilibrium, and their precession in the transverse plane generates a detectable, decaying signal, called the free induction decay (FID). The signal amplitude at the start of the relaxation is directly proportional to the total amount of sampled water. The relaxation of the NMR decay curve occurs as a consequence of interactions among nuclear spins and with the surrounding medium. The simplest NMR experiment, measurement of the FID, is sensitive to inhomogeneities in the magnetic field. As a result, the measured signal often undergoes a more rapid decay due to this dephasing. To eliminate this effect, the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence (Carr & Purcell, 1954; Meiboom & Gill, 1958) , designed to rephase the spins, is typically used in standard laboratory and logging NMR measurements. A series of spin echoes, generated using refocusing pulses and separated by an echo spacing time, form a decay curve with a relaxation time T 2 without the influence of dephasing.
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The distribution of the T 2 relaxation times contains information about pore size distribution and plays a key role in estimation of K from the NMR data.
The T 2 relaxation of fluids in a porous medium is controlled by three relaxation processes, each of which is described with a relaxation rate. The rate of the bulk fluid relaxation process depends only on the physical properties of the fluid, such as viscosity, and chemical composition (Coates et al., 1999) . Because this rate is very low compared to the other relaxation rates, its contribution to the overall relaxation rate is typically neglected. The surface relaxation rate depends on the surface relaxivity (varying with mineralogy) and the surface-area-to-volume ratio of the pore space (Brownstein & Tarr, 1979) . The third relaxation rate describes relaxation that occurs due to the diffusion of spins in an inhomogeneous magnetic field. The diffusion relaxation rate is affected mainly by the strength of the field gradient, which itself depends on the strength and uniformity of the applied field and concentration of magnetic minerals, and echo spacing (Carr & Purcell, 1954; Hürlimann, 1998; Mitchell et al., 2010; Washburn et al., 2008) . Working at low field strengths and/or shortening the echo spacing can minimize the effect of the diffusion relaxation.
Laboratory NMR typically uses a small-volume (≤40 cm   3 ) sample, which is placed inside an apparatus consisting of permanent magnets to provide the background field and an inductive coil to record the NMR signal (Dunn et al., 2002) . The energizing pulse is tuned to efficiently turn the spins in the entire sample into the transverse plane.
In NMR logging, a probe composed of one magnet or an array of magnets and an RF coil is lowered into a borehole. The tool used in this study senses a thin cylindrical shell centered about the probe. The length of the sensitive cylinder depends on the probe length and defines the vertical resolution of the probe. Because the static fields have a gradient, different Larmor frequencies (up to four) are normally tuned to sense regions with different radial distances (on the order of several centimeters) from the center of the probe.
In the petroleum industry, laboratory experiments have been routinely used to develop models that have successfully linked the NMR parameters, water content, and relaxation time, with permeability (Coates & Dumanoir, 1974; Daigle & Dugan, 2009 , 2011 Kenyon et al., 1988; Seevers, 1966; Timur, 1969) and used in NMR logging applications. This has not been the case in near-surface groundwater studies because of the above mentioned challenges. As a result, the models developed for petroleum applications have been used in the interpretation of near-surface NMR logging but derived estimates of permeability or hydraulic conductivity were found to underestimate the measured property (Dlubac et al., 2013; Knight et al., 2016) .
Logging and Laboratory Experiments
The field site is located in the Ristrup area, NW of Aarhus, Denmark. The geology of the area is a complicated glaciotectonic complex and consists of multiple buried valley structures, which are incised into thick hemipelagic Paleogene clays (Høyer et al., 2015; Jørgensen et al., 2003) . The valleys are filled mainly with meltwater clay, sand, and gravel and often contain significant volumes of groundwater.
The field site was selected based on the hydrogeological interest in the area, ease of access, and the electromagnetic noise conditions. A 32 m deep borehole with a diameter of 10.2 cm was drilled in April 2014 using a sonic rig (Barrow, 1994; Lawrie et al., 2012; Ruda & Farrar, 2006) to get good borehole conditions for logging (i.e., a borehole with a drilled diameter close to the casing diameter and with minimal disturbance beyond the borehole wall) and core samples for laboratory studies. The sonic method uses high-frequency, high-force vibration to penetrate into the formation. The drilling started by advancing a 2 m sampling barrel into the formation. Then, an outer case of the same length was lowered over the sampling barrel. The sampling barrel was removed from the borehole and the sample removed from the sampling barrel into liners. This procedure was repeated for the entire depth of the borehole. Then, the borehole was cased to the bottom with a PVC pipe (with an outside/inside diameter of 9 cm/8.1 cm and with the screen at the bottom) and the samples were preserved in a cooling room for future study. The size of the borehole and casing was chosen to be compatible with the NMR logging probe used in this study. The soil samples were continuous and undisturbed (~7.6 cm in diameter). The water level was 8.0 m below ground surface.
In May 2014, the logging data consisting of NMR logging, electromagnetic (EM) induction, gamma, and magnetic susceptibility were acquired. We measured NMR logging data using the Javelin equipment (Vista Clara Geophysical Research Letters 10.1002/2017GL074999 Inc.; Walsh et al., 2013) . We used the JP175 downhole probe that is 2.1 m long with an outer diameter of 4.4 cm. A sensitive zone with a radius of~12 cm, from the center of the probe, and a nominal vertical resolution of 1 m are expected for this tool. However, we conducted overlapping measurements to obtain data in 0.5 m increments in the depth interval 8 to 19 m. Given the probe used in this study, with a radius of 2.2 and a depth of investigation of 12 cm, and the borehole radius of 5.1 cm, we are confident that the probe always sampled the in situ formation, even in the worst-case scenario when the probe was positioned against one side of the borehole. The NMR CPMG data with an echo spacing of 2 ms and a stack size of 100 were acquired at 245 kHz and 290 kHz (corresponding to radial distances of 12.7 am and 11.7 cm, respectively), leading to a signal-to-noise-ratios (SNR) between 10 and 170 at different depths, with a mean SNR of 32. After logging NMR measurements, we acquired complementary logging data in the borehole consisting of gamma, EM induction, and magnetic susceptibility data.
Before cutting the cores for the laboratory NMR measurements, we measured DC resistivity and induced polarization directly on the cores. These measurements provided complementary data used to validate the identification of the clay/sand units. Afterward, we ran a cluster analysis to support selection of depth intervals for cutting laboratory samples, with the objective of sampling the full variety of subsurface conditions with a limited number of total samples. Sections were identified based on all field and laboratory data from the study site and two other nearby sites. Care was taken to balance the total number of samples for each geologic unit and to select the samples from each cluster and from any interesting feature like a thin layer of a different cluster type. As a result, 12 depths in the borehole were selected. The sample heights and diameters were~10 cm and~7.6 cm, respectively (we refer to them as "large" samples in the following). At the same time, geologic descriptions of the borehole were; these descriptions were used to develop the lithologic log.
Prior to laboratory NMR measurements, we saturated our samples with a 0.01 M CaCl 2 solution, as is commonly used for K measurements of similar soils (Bo V. Iversen, personal communication, 2015) . The samples were kept in their initial conditions in liners, with the lower end of the samples covered by cheesecloth. The saturation procedure involved placing the samples on a mesh inside a tank and wetting them gradually from the bottom. We increased the water level by~1 cm and waited 30-60 min for coarse sands, 1-2 h for fine sands, and 2-3 days for clay-rich materials before the next increase in the water level. At the end of the saturation process, we visually inspected the top of the samples to ensure full saturation. Because both ends of the sample were open during the saturation and the pores were filled slowly from the bottom with positive pressure, air saturation is expected to be low. Therefore, the laboratory NMR data should be representative of the total porosity.
Our laboratory NMR measurements were made using a 2 MHz Rock Core Analyzer (Magritek Ltd.). To ensure that our laboratory NMR samples were sufficiently large to represent in situ conditions, we used the Magritek P108 probe that supports samples of up to 10.2 cm in diameter. Therefore, our samples were placed directly inside the instrument in their initial condition and size. We collected T 2 data with an echo spacing of 300 μs: the measurements were stacked until a SNR of 200 was achieved. Next, to investigate the importance of sample size and condition on the NMR laboratory measurement, we prepared two sets of smaller subsamples using a sample holder with a diameter of 3.1 cm and a height of 5.6 cm. The first set of samples was undisturbed and prepared by advancing a sample holder into the large samples to investigate the influence of sample size on the results. The remaining sediments from the large samples were then repacked into a sample holder to form the second set of samples. These samples were disturbed because they were no longer in their in situ condition and were used to investigate the influence of sample condition on the results. We refer to these two sets as "small-undisturbed" and "small-disturbed" samples. We saturated the samples and measured a second round of laboratory NMR data on the 3 cm diameter subsamples using the Magritek P54 probe that supports up to 3.8 cm diameter cores with the same measurement procedure as described above.
The laboratory CPMG data were inverted to obtain T 2 spectra. The inversion assumes a distribution of some known T 2 values (here 200 logarithmically spaced values) and solves for the amplitudes with application of a regularization parameter to support minimal structure in the distribution (Whittall et al., 1991) . The inversion was repeated for a range of regularization parameters, and an optimal regularization parameter was selected representing the smoothest solution that achieves a χ 2 of 1. the response of bulk fluid that could be seen, in a few cases, to have accumulated at the top of the sample during saturation. As is common practice, the relaxation response of each sample was represented by a single value calculated as the weighted logarithmic mean of the T 2 distribution (T 2ML ). The logging NMR CPMG data collected at each measurement depth were inverted with the same approach used for the laboratory. We found a regularization parameter of 100 to be an appropriate parameter for the logging NMR data.
After the NMR measurements, we collected volumetric magnetic susceptibility data to assess the magnetic properties of the laboratory samples and to compare them with similar data acquired in the borehole. These data were measured on four 20 mL subsamples, and the measurements were repeated more than 3 times, with the average value and standard deviation reported.
Results and Discussion
In this section we present and discuss the results of our laboratory and logging NMR measurements along with complementary data collected in the laboratory and borehole and the lithologic log. The natural gamma (blue-bottom x axis) and EM induction (black-top x axis) logs are shown in Figure 1a . These logs are acquired for the entire depth of the borehole and at a depth increment of 5 cm. Figure 1b displays the continuous magnetic susceptibility log (blue) and the volumetric susceptibility data measured on the 12 laboratory NMR samples (red). Red error bars show one standard deviation interval. As mentioned earlier, these data were measured to gain insight into the level and variation of the susceptibility in the subsurface. The lithologic log is shown in Figure 1c . There are mainly clay/till units in the upper 9.8 m; the unit below is identified as a sandy aquifer. Thin sandy till and glacial layers (of alternating sand and clay) are also observed within the aquifer. Figure 1d shows the water content estimates from the NMR laboratory and logging measurements as red and blue crosses, respectively. Estimates of laboratory water content were obtained by calibration of the NMR initial amplitude data with those obtained from a sample with known water volume. The relaxation time estimates are in Figure 1e , with the laboratory results shown as red crosses and the logging as blue crosses. In Figure 1f , we present laboratory T 2 distributions obtained from the inversion of the NMR data from the large samples (blue), small-undisturbed samples (green), and small-disturbed samples (red). Finally, to get a quantitative comparison of the sampling techniques, Figure 1g compares water contents and T 2ML values for each sample. The same colors as in Figure 1f are used to display the data. The y axis shows depths in the borehole at which the samples were taken.
The gamma log (Figure 1a , blue) shows relatively high values in the upper~10 m then decreases to reach an almost constant level below 10 m with the exception of a 2-3 m thick layer at~12 m depth with higher values. The EM induction log (Figure 1a, black) shows a low resistivity layer in the uppermost part of the borehole (top~10 m) that transitions to more resistive values toward the bottom of the borehole. A lower resistivity layer is observed at a depth of~12 m, which is consistent with the rise in the gamma log at the same depth. The laboratory susceptibility data (Figure 1b, red) generally agree with the logging data (Figure 1b, blue) . Overall, the measurements shown in Figures 1a and 1b are compatible with what we see in the lithologic log shown in Figure 1c .
Let us now compare the laboratory and logging NMR water content estimates shown in Figure 1d . Above the water table (blue triangle) the logging NMR data were dominated by noise and are thus not reliable. We assume that the laboratory NMR measurements, however, do accurately measure water content and see the high water content that would be expected in the clay-rich samples; note that these samples were fully water saturated, not measured in the unsaturated state they were in at the field site. Beneath the water table, the water content estimates from the laboratory and logging NMR measurements display very similar trends. . The simplest explanation is that the sampling for the laboratory study acquired material in a zone within the logging NMR sampled volume that consists primarily of finer-grained material. This explanation is supported by the relaxation time data (discussed below) where corresponding laboratory T 2ML values are shorter than logging T 2ML values.
With respect to the laboratory and logging NMR relaxation time estimates (Figure 1e ), as mentioned in discussing Figure 1d , above the water table the logging NMR data are not reliable. In the laboratory NMR data we see low T 2ML values that correspond well to the clay unit seen in the lithologic log. Below the water table, we observe very good agreement between the two data sets. Given the challenges faced when working in unconsolidated environments and the scale difference between the laboratory and logging samples, we consider this to be a significant achievement. With the exception of the three data points (depths of 9.6 m, 16.3 m, and 27.1 m), the absolute differences between the two measurements are 47 ms at one depth and between 0.3 ms and 3.7 ms at all other depths.
The three samples with laboratory T 2ML values notably shorter than the logging values had laboratorymeasured magnetic susceptibilities higher than the logging-measured values, suggesting that the sampling for the laboratory study acquired material in a zone with higher-than-average iron content (i.e., the averaged iron content within the logging NMR sampled volume). The presence of iron minerals can result in the Figure 1f are used to display the data. The y axis shows depths in the borehole at which the samples were taken.
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formation of internal magnetic field gradients (Brown, 1961) , which can enhance the relaxation due to diffusion, leading to shorter measured T 2ML . We hypothesize that this is responsible for the observed differences. We note that if the iron content were the same in the materials sampled by the laboratory and logging instruments, we would expect the impact of diffusion relaxation on the two measurements to be the same, resulting in no difference in the measured T 2ML . The magnitude of internal gradients is affected by the background magnetic field strength and the echo spacing, but, as shown in Fay et al. (2015) , for the combination of field strengths and echo spacing used in this study (2 MHz and 0.3 ms for the laboratory data;~0.3 MHz and 2 ms for the logging data), the internal field contribution to the T 2 measurements should be the same.
At the start of this study we questioned whether the laboratory samples, typically acquired with standard drilling and sampling procedures, are representative of the material sampled by logging NMR measurements, given their relatively small size of 40 cm 3 or less. Our sampling strategy, in contrast, obtains samples that are 10 times larger than this, so are more likely to be similar in internal structure to that of the in situ materials. Figure 1f allows us to compare, qualitatively, T 2 distributions obtained from the inversion of the NMR data from the large samples (blue), small-undisturbed samples (green), and small-disturbed samples (red). We emphasize here that a similar SNR was achieved for all laboratory data in Figure 1f . The results are shown for samples at different depths from top (top left panel) to the bottom (bottom right panel) of the borehole. We observe that the T 2 distributions for the large-and small-undisturbed samples are similar at shallow depths but differ both in shape and T 2 values at depth. The reason for this is that the shallow units are relatively homogeneous and composed primarily of well-sorted materials. Therefore, similar composition and pore structure will be present in the large samples and the small-undisturbed samples. In contrast, the aquifer materials are composed of materials with different grain sizes including sands and gravels. As a result, the small-undisturbed samples are very likely to have compositions and pore structures that differ from those of the large samples.
Greater differences are observed between the large samples and the small-disturbed samples (red). Symmetric and narrow distributions are obtained for the disturbed samples across the entire depth; sampling "disturbed" materials results in samples that are more homogeneous than the in situ formations. For the shallowest depths, there is a shift toward longer relaxation times, because the clay-rich disturbed samples are less compacted than in situ formations; for deeper depths, the shape of the distribution is also altered, because disturbed samples are composed of materials with different grain size distributions.
Although there is a change in the regularization parameters in Table 1 , we observe no correlation between high and low regularization and differences between the distributions of the samples in terms of broadness and peak positions. Consequently, the difference between the distributions can be associated with a change in the samples.
Comparison of the laboratory NMR T 2 distributions in terms of the water contents and relaxation time estimates, as shown in Figure 1g , also demonstrates how the estimated parameters can vary depending on the sampling techniques. For the samples used in this study, the absolute water content and relaxation time differences of up to 0.13 m 3 /m 3 and 25.7 ms are observed between the measurements. The results in Figures 1f and 1g clearly demonstrate that both sample size and condition can influence the results. We expect that other problems with typical sampling of near-surface materials (e.g., inexact depth attribution and changes in the sediment properties) may result in even more biased estimates of the NMR parameters.
This study has clearly demonstrated that the combination of sonic drilling, along with careful collection and preparation of laboratory samples, can provide a data set of the quality needed when using laboratory measurements to support the interpretation of logging NMR data.
Conclusions
This study addresses the main challenges inherent in conducting laboratory and logging NMR in unconsolidated near-surface aquifers: the borehole conditions and the sample conditions and size. We present a detailed comparison of laboratory and logging NMR data from a study site in Denmark, under conditions intended to provide laboratory samples that are as representative as possible of the in situ materials. We
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found sonic drilling to be a suitable drilling method. It is known to produce essentially no disturbed zone around the PVC casing and provide continuous, undisturbed samples of the unconsolidated materials. With this and with our careful sample preparation, the results of our study show good agreement between the logging and laboratory NMR estimated water contents and relaxation times.
